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C H A P T E R  I 
l NTRODUCT l ON 
Since 1973 the Un ivers i t y  o f  Massachusetts Energy Al ternat ives 
Program has been involved i n  a p ro jec t ,  the UMASS Wind Furnace (WF-1) 
which i s  d i rec ted  a t  supply ing the heat ing needs o f  households i n  
northern c l imates.  This p ro jec t  had as i t s  incept ion an attempt t o  
design and b u i l d  f ibe rg lass  r o t o r  blades. Since then the combined 
e f f o r t s  o f  students and f a c u l t y  from many engineering departments 
have produced a f a c i l i t y  whose purpose i s  the study o f  wind and so la r  
energy f o r  useful  purposes. 
The current  Wind Furnace Model (WF-1) u t i l i z e d  a wind-driven 
electromechanical system t o  generate e l e c t r i c a l  energy. This energy 
i s  then d iss ipated through resistance heaters and e i t h e r  stored 
thermal ly o r  de l ivered d i r e c t l y  t o  the house. It i s  the theory and 
design o f  the e l e c t r i c a l  power system t h a t  i s  the primary t op i c  o f  
t h i s  report .  
I n  1974 dur ing the design stage o f  the Wind Furnace, I volunteer- 
ed t o  work on t he  e l e c t r i c a l  power system f o r  t h i s  wind tu rb ine  
generator (KTG).  Bas ica l l y  t h i s  involved descr ib ing how the genera- 
t o r  was t o  be used t o  provide heat t o  the house and how i t  would 
in te r face  w i t h  the res t  o f  the K T G .  
As a beginning I was given a p l o t  o f  output  power as a funct ion 
o f  wind speed represent ing the desired WTG performance. This pre- 
l im inary  curve, Figure 1, was based on the best estimates ava i lab le  
a t  t h a t  t ime o f  t he  performance o f  t h e  blades and mechanical t rans-  
miss ion coupled t o  a crude model o f  t he  generator,  based on t h e  
manufacturer 's  data sheets (see Appendix A). The curve i n  F igu re  1 
shows t h e  ou tpu t  power as a cub ic  f u n c t l o n  a t  wind speed, w i t h  
r a t e d  cond i t i ons  o f  25.32 Kw a t  26.1 rnph. The f i n a l  cub ic  curve, 
F igu re  2, has as ra ted  conditions an ou tpu t  o f  25 Kw a t  26.1 mph, 
and 1800 rpm a t  t h e  generator .  The low end o f  t h e  genera tor 's  
speed range, 400 rpm, was s e t  by t h e  c u t - i n  wind v e l o c i t y  o f  
approximately 6 mph. 
It was my o p i n i o n  then t h a t  a b e t t e r  generator  model was needed 
i n  o rde r  t o  a r r i v e  a t  a method o f  c o n t r o l l i n g  t h e  generator  f o r  t he  
des i red  output .  That concern has l e d  t o  t h i s  thes i s .  
W I N D  F U R N A C E  PERFCRMNCE: 25 KW RATED 
Q 26.1 M P H .  
INCUDES: S% TIP DSS; ACTUAL Cp: 
NO CONING LOSS; PART- 
WAD GENERATOR EFFIC~ENCIES 
Flgure 1 
ln i  t ial Performance Predict ion 
Cubic Curve: 
25 Kw a t  
1800 rpm 
/ [Genera to r  speed rpm) 
Figure 2 
Desired Wind Furnace Output 
C H A P T E R  I I 
THE FIRST GENERATOR MOOEL 
l n i  t i a l  ConsFderations 
I n  developing the model f o r  the generator, fou r  ideas were 
kept i n  mind: 
-- the model should be simple; 
-- i t  had t o  be developed qu ick ly ;  
-- i t  should be r e l a t i v e l y  easy and inexpensive t o  v e r l f y ;  
and 
-- the f i n a l  con t ro l  philosophy should no t  be d i f f i c u l t  t o  
implement i n  hardware. 
This f i r s t  model, then, was the simplest and the one used i n  the 
i n i t i a l  design o f  the power generation and con t ro l  systems. 
The F i r s t  Approach 
I n  most textbooks on electromechanical power conversion, the 
a l te rna t ing -cur ren t  synchronous generator i s  mde led  as a vol tage 
source behind a reactance, F igure 3. This type o f  model. i s  p r i m a r i l y  
used i n  load f low and s t a b i l i t y  s tud ies f o r  machines connected t o  
an i n f i n i t e  bus. The f i r s t  generator model developed i s  s i m i l a r  
t o  t h i s  one, the on ly  d i f ferences a re  the add i t i on  o f  the generator 's  
i n t e rna l  resistance and the generator 's  load. Since the intended 
app l i ca t ion  f o r  the generator i s  space heating, the load cons is ts  
o f  a constant resistance, Figure 4. 
From t h i s  c i r c u i t  diagram, a mathematical model can be derived, 
using Kirchof f 's  Voltage Law: 
- - 
E = I (Ra + RL + jX)  
Figure 3 
Single-pha3e Representation of 
a Synchronous Generator 
E = generated voltage 
X = synchronous reactance 
V = l i n e  voltage 
Ra = armature resistance 
RL = load resistance 
X = synchronous reactance 
E = generated voltage 
Figure 4 
The F i  r s  t Model 
Solving for the magnitude o f  the current,  I: 
i = E where RT = R + RL a 
x 2  + %2 
The power del ivered t o  the load i s :  
This power equation serves as the basis o f  the f i r s t  generator 
model. A l l  t ha t  i s  needed i s  t o  define the parameters R ,  E, X, RL) 
according t o  the desired performance ( P ~ ) .  
Armature Rtisistance (Ra) 
The d-c value o f  armature resistance was used I n  the model. 
This was measured w i t h  a por tab le  Kelv in  br idge and has a value df 
0.256 ohms per phase, wye. There i s  some v a r i a t i o n  o f  resistance 
w i t h  temperature and frequency but for  t h i s  model i t  was assumed 
t o  be constant. In  Chapter I l l  the improved model.uses an a-c value, 
one tha t  var ies w i t h  frequency. As dis,cussed i n  t ha t  chapter the 
di f ferences i n  output amount t o  less than two percent a t  1800 rpm 
and less a t  lower speeds. 
Generated Vol tage (E) 
The generated vol tage o f  any generator i s  an in te rna l  vol tage 
which w i l l  vary w i t h  frequency (speed) and e x c i t a t l o n  leve l  [ f i e l d  
current ) .  This v a r i a t i o n  can be determined by performing an open- 
c i r c u i t  t e s t  on the generator.-The t e s t  consists o f  connecting the 
generator t o  a d-c motor and running the motor-generator se t  a t  
var ious speeds wh i le  vary ing the generator exc i t a t i on .  The generator 
should be open-ci rcui ted i n  order  t o  measure the open-c i rcu i t  terminal  
vo l tage a t  the var ious speeds and e x c i t a t i o n  l eve l s  (see Appendix B 
f o r  the apparatus set-up). Because the generator I s  open-ci rcul ted 
the terminal  vo l tage i s  the generated-voltage. The t e s t  r esu l t s  f o r  
the Lima generator a re  shown i n  Figures 5 and 6 and Table 1. 
Synchronous Reactance (x) 
The synchronous reactance can be determined by ca l cu la t i on  using 
the open-c i rcu i t  t e s t  data and data from another t es t ,  the shor t -  
c i r c u i t  tes t .  The same procedure i s  c a r r i e d  o u t  as i n  the open-c l rcu i t  
t e s t  except the generator terminals a re  shorted and the l i n e  cur rents  
a re  measured as funct ions o f  speed and exc i t a t i on .  The apparatus 
set-up appears i n  Appendix B, Figures 7 and Table 2 shows the t e s t  
resul  t s .  
To determine the synchwnous reactance, the synchronous impedance 
i s  f i r s t  ca lcu la ted- f rom the r e s u l t s  of  the  two tes ts .  This irnpend- 
ance i s  the phasor sum o f  the armature res is tance and the synchronous 
reactance. 
Genera tor  
F i e l d  current (d-c amps) 
Figure 5 
Open-Circuit Voltage Data 
0 -I I I I I I I I 
0 200 400 600 800 1000 1200 1400 1600 1800 
Genera tor  Speed (rpm) 
Figure 6 
Open-Ci rcui t Voltage Data 
Table 1 
Open-Circuit Voltage 
(a-c vo l ts ,  1-n) 
Generator F ie ld  Current (d-c amps) 
Speed 
( r p d  0.8 0.7 0.6 0.5 0.4 0.35 0 .3  
Generator Speed 
(rpm) 
0 0.1 0.2 0.3 9.4 0.50.6 0.7 0.8 
F i e l d  Current (d-c amps) 
F igure  7 
Short-Ci rcu i  t Current Data 
Table 2 
Short-Circuit  Current 
(a-c amps) 
Genera tor  F i e l d  Current 
Speed (d-c amps) ' 
(rpm) 0.8 0.7 0.6 0 .5  0.4 .a.35 0.3 
From the tests,  and a t  a spec i f i ed  speed and f i e l d  cur rent ,  
therefore,  
Since t h i s  model assumed the armature resistance was constant and small 
[0.2560), i t s  e f f e c t  i n  the ca l cu la t i on  f o r  the synchronous reactance 
was neg l ig ib le ;  therefore, 
x = z  
The resu l t s  o f  these ca lcu la t ions  a re  p l o t t e d  i n  Figures 8 and 9. 
Normally the value o f  the unsaturated synchronous reactance i s  
used tn generator studies. The unsaturated value i s  based on what i s  
c a l l  ed the a i  r-gap 1 ine [Figure 3) o f  the open-ct r c u i  t vo l  tage and the 
normally 1 inear curve o f  the s h o r t - c i r c u l t  cu r ren t  ( ~ i ~ u r e  5). Because 
both Eoc and I a re  assumed 1 inear funct ions o f  f i e l d  current ,  the 
sc 
synchronous reactance i s  constant. 
Refer r ing t o  Figure 3 and 5, the p l o t t e d  r e s u l t s  o f  the two t es t s  
f o r  the Lima generator a re  no t  1 inear  curves, except a t  extremely low 
values o f  f i e l d  current .  Th is  ind icates t ha t  the Lima generator was 
designed t o  operate f u r t h e r  i n t o  sa tu ra t i on  than most machines. The 
reason f o r  t h i s  h igher leve l  o f  sa tu ra t i on  may be because o f  the 
const ruct ion o f  the machine. The Lima generator i s  ac tua l  l y  two 
generators i n  one (Figure 14 i n  Chapter I l l ) .  An e x c i t e r  generator 
i s  used t o  supply the e x c i t a t i o n  o f  the main generator. As a r e s u l t  
o f  the amp l i f i ca t i on  o f  the e x c i t e r  f l e l d  cu r ren t  by the r o t o r  c i r c u i t ,  

Generator Speed 
I;. ( ~ p m l  
Genera-tar f i e l d  current 
(d-c amps) 
Figure 8 
Var iat ion of Xd with F ie ld  Current 
fo r  Various Speeds 

a higher leve l  o f  f l u x  densi ty i s  produced i n  the i r on  o f  the main 
generator, leading t o  ea r l y  saturat ion.  The e x c i t e r  i r o n  may a lso 
saturate, compounding the e f fec t .  This i s  espec ia l ly  evident i n  the 
sho r t - c i r cu i t  cur rent  curves. As stated e a r l i e r ,  these curves are 
usual ly  l i near .  This i s  because the magnetic axes o f  the f i e l d  and 
armature p r a c t i c a l l y  coincide, and the two magneto-motive forces 
oppose each other. I n  the Lima generator, the f i e l d  magneto-motive 
force ( f o r  exc i t e r  f i e l d  currents above 0.4 amps d-c) must be high 
enough t o  begin sa tu ra t ing  the iron. 
In  both models any reference t o  the f i e l d  current should be 
understood t o  mean the e x c i t e r  f i e l d  current.  
The Load Res istance (R ) L 
The load resistance i s  one parameter i n  the power equation t ha t  
i s  not on ly  determined by the generator 's ra t i ngs  but a lso upon the 
a v a i l a b i l i t y  o f  su i t ab le  resistance heaters. A range o f  resistance 
values was used i n  the model u n t i l  the value g i v i n g  the desired out- 
put was real ized. 
Computer Model 
Up t o  t h i s  po in t  the mathematical model o f  the generator-load 
system consists o f  a power equation whose value depends upon the 
leve l  o f  exc i ta t ion ,  the ro ta t i ona l  speed and the load resistance. 
This model was w r i t t e n  i n t o  a computer program i n  order t o  map out 
i t s  performance as these parameters varied. The program f low chart  i s  
shown i n  Figure 10, and Figures 1 1  and 12 show the program l i s t i n g  and 
PRl NT  
YES 1 RESULT. 
CALCULATE 
E and X 
0 
. 
CALCll LATE 
- RT, I ,  V ,  P 
Figure 10 
Flowchart o f  F i r s t  
Computer Mode 1 
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L i  s t i n g  o f  Computer Program 
Figure  12 Example o f  Results 
a sample output. 
With these and o ther  p r i n t - ou t s  o f  the  mathematical modeling, 
i t  became evident t ha t  there were poss ib ly  two d i s t i n c t  ways t o  pro- 
duce the desired performance. One method would be t o  ho ld  the exc i ta-  
t i o n  constant and vary the load res is tance according t o  the ro ta t i ona l  
speed. The o ther  would be the opposite; use a  constant resistance and 
vary the e x c i t a t i o n  w i t h  speed. A t h i r d  method could a l low va r i a t i ons  
i n  resistance and e x c i t a t i o n  w i t h  speed. 
O f  these methods the constant res is tance-var iab le  e x c i t a t i o n  was 
chosen as the best based on the c r i t e r i a  s ta ted e a r l i e r :  simp1 { c i t y ,  
ease o f  implementation and v e r i f i c a t i o n ,  e tc .  The var iab le- res is tance 
schemes were discarded pr imar i ly 'because o f  the  d i f f i c u l t y  and expense 
expected i n  swi tch ing resistances i n  and ou t  o f  a  c i r c u i t  ca r ry ing  
la rge  amounts o f  power. The va r i ab le -exc i t a t i on  scheme, on the o ther  
hand, deals w i t h  a  c i r c u i t  t h a t  handles low l eve l s  o f  d-c power. 
Since the var iab le -exc i ta t ion  method was now chosen, the  value o f  
load resistance had t o  be f i na l i zed .  Re-examining the computer p r i n t -  
outs, i t  was determined t h a t  a  res is tance i n  the range o f  e i gh t  t o  
f i f t e e n  ohms (wye) would be desirable.  A f t e r  examining var ious 
sources o f  res i stance heaters, both i mners ion (water) and baseboard 
( a i r )  , a  value o f  10.6 ohms per phase (wye) was selected. (see 
Appendix C f o r  res is tance heater se lec t i on  de ta i l s . )  
Using t h i s  value o f  res is tance and re-running the program, an 
e x c i t a t i o n  curve, as a  func t ion  o f  generator r o t a t i o n a l  speed, was 
defined (Figure 131. By fo l low ing  t h i s  e x c i t a t i o n  schedule as the 
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Figure 13 
Generator Exci tat ion Curve 
Based on F i rs  t Model 
speed changed, and expecting the necessary torque from the  blades,. 
the generator 's  output  was expected t o  match the desired cub ic  curve. 
Ver i f i c a t  ion o f  Generator Performance 
As p a r t  o f  the normal break-in procedure f o r  the WTG, the 
electro-mechanical power systeqminus the hub and blades, was tested 
using a d iese l  engine. This af forded, an oppor tun i ty  t o  v e r i f y  the 
theoret ical ly-determined e x c i t a t i o n  curve. 
A ser ies  o f  t es t s  was run using the e l e c t r i c  baseboards as the 
load and a d-c power supply as the e x c i t a t i o n  source. The e x c i t a t i o n  
was manually con t ro l l ed  a t  various ro ta t i ona l  speeds i n  order t o  match 
the desired cubic output  curve. The values o f  exc i t a t i on ,  o r  f i e l d  
current ,  a t  the spec i f ied ro ta t i ona l  speeds t ha t  gave the desired 
r e s u l t s  and the t heo re t i ca l  e x c i t a t i o n  l eve l s  a re  shown i n  Table 3. 
Conclusions on F i r s t  Hodel 
The theore t i ca l l y -der i ved  values do not  correspond t o  the 
exper imental ly-der ived values f o r  most o f  the speed range. The two 
values on ly  agree near speeds o f  1000 rpm. From t h i s  i t  was ev ident  
t ha t  t h i s  f i r s t  model was not an accurate representat ion o f  the 
generator f o r  these operat ing condit ions. 
Since an e x c i t a t i o n  curve was der ived exper imental ly  t h i s  was 
programed i n t o  the automatic f i e l d  c o n t r o l l e r  and was i n  use f o r  the 
f i r s t  two years o f  Wind Furnace operation. During t h i s  t ime work 
continued on a r r i v i n g  a t  an improved generator model. 
Table  3 
Genera t o r  Des i red F i e l d  Current  
rPm Power (d-c amps) 
h) exp . theor .  
C H A P T E R  1 1 1  
THE IMPROVED GENERATOR MODEL 
ln t roduct  Ion 
The improved mathematical model was based on c i r c u i t  equations 
der ived from the physical  const ruct lon o f  an a l te rna t lng -cur ren t  syn- 
chronous generator. These c l r c u i t  equations were then modi f ied i n t o  
idea l ized equations cons is t ing  o f  var iab les  represent ing phys ica l l y  
non-existent c i r c u i t  parameters. These equations were manlpulated i n t o  
the  desired forms and w r i t t e n  i n t o  a computer program. 
Physical Descr ipt ion o f  the   ene era tor . 
Figure 14 shows a cross-sect ional  view o f  a four-pole synchronous 
generator s i m i l a r  t o  t h a t  used i n  the WTG. The generator cons is ts  o f  
two main par ts :  the  r o t o r  and the s ta to r .  
The r o t o r  s t r u c t u r e  contains the  f i e l d  winding and the s a l i e n t  
magnetic poles. The f i e l d  winding provides the d-c e x c i t a t i o n  needed 
t o  produce power. I n  the  case o f  the  WF-1 generator, there a re  act -  
u a l l y  two cascaded generators mounted i n  one main frame. Figures 15 
and 16 show a long i tud ina l -sec t ion  view and a schematic diagram o f  the 
cascading. 
The s ta to r ,  unl i k e  the  ro to r ,  i s  s ta t ionary  and has the main power 
c o l l e c t i n g  windings mounted along i t s  ins ide  per iphery.  The Lima 
generator i s  a three-phase machine capable o f  var ious armature winding 
connections. The connection used i s  the high-vol tage wye designed t o  
g i ve  480-v l ine-to- l . ine,  31.3-kva output. The neu t ra l  i s  accessible. 
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l n te rna l  V i e w  o f  Generator 
Appendix A has a more complete descyipt ion o f  the generator 's 
spec i f ica t ions.  
Der ivat ion o f  C i r c u i t  Equations 
The equations were develaped from the  viewpoint of the machine 
as a col  l e c t l o n  o f  induc t i ve ly  coupled c i r c u i t s .  Because o f  the 
physical makeup of  the machine, these inductances vary w i t h  angular 
pos i t ion.  Only the ohmic losses were included. 
In  induc t i ve ly  coupled c i r c u i t s  a change i n  the magnetic f l u x  
l i n k i n g  an e l e c t r i c  c i r c u i t  induces an emf i n  t h a t  c i r c u i t .  Th is  i s  
expressed by Lenz's law as: 
d X (1) e = - d t where = f 1 ux 1 inkage 
In  a generator t h i s  changing f l u x  1 inkage causes an instantaneous 
voltage (v) t o  appear a t  the terminals o f  a winding. This i s  w r i t t e n  
as : 
(2) v = e - r i  where r = winding resistance 
i = cur ren t  through winding 
The f l u x  l inkages inducing these voltages and currents  are a r e s u l t  
o f  the induct i ve  coup1 ing between windings. For a generator w i t h  four  
windings, three armature phases (a,b,c) and one f i e l d  ( f ) ,  the l inkages 
would take on the form o f :  
- (3a) Xa - La, ia + Labi  + Lacic + Laf i 
I't f o l  1 ows then t h a t  each w i nd ing, w i 1 1 have an i ns tan taneous 
te rmina l  vo l tage  expressed as: 
where r = res i s tance  o f  each phase, be ing equal i n  a p roper l y  
designed machine 
The inductances expressed i n  t h e  f 1 ux 1 inkage equat ions a r e  a1 1 
f unc t i ons  o f  t he  phys ica l  c o n s t r u c t i o n  o f  t h e  generator  and t h e r e f o r e  
a r e  func t i ons  o f  r o t o r  p o s i t i o n .  I n  o r d e r  t o  reduce the  number o f  
w r i t t e n  equat ions o n l y  those equat ions r e f e r r i n g  t o  phase - a and - f can 
be considered. Phases - b and - c w i l l  have equat ions o f  the same form as 
a except i n  the  angu lar  p o s i t i o n  term. The angular  p o s i t i o n  o f  phase a 
- - 
can be considered as: 
(5) 8,- w t  + 8, where w = angular  v e l o c i t y  
8 = i n i t i a l  p o s i t i o n  
0 
t = t ime 
0 For phase - b, eb= ea- 1 2 0 ~ ~  and fo r  phasec,  - 8, = 8,+ 120 . These 
angular displacements o f  120 degrees are due t o  the  placement o f  the 
windings 120' apar t  on the s ta to r .  
The inductances i n  Equations (3a) and (3d) are  designated as s e l f -  
inductances (Laas Lbb. Lees L f f )  and mutual- inductances (Lab, LC, Lfa, 
etc.).  The inductance terms w i t h  subscr ip ts  i den t i ca l  except t o  
order  (i.e., Labs L ~ ~ )  are  equal due t o  the  symmetrical layout of the 
machine. The funct iona l  v a r i a t i o n  o f  these inductances w i t h  p o s i t i o n  
w i l l  no t  be described here as they a re  not  e x p l i c i t l y  necessary i n  
the de r i va t i on  o f  the generator model. In te res ted  readers should 
consu l t  the book, Power System S t a b i l i t y :  Synchronous Machines by 
Edward Wilson Kimbark (1956) f o r  a de ta i l ed  accounting o f  the func- 
t i ona l  va r ia t ions .  r t  can be stated,  though, t h a t  a l l  the  i nduc taceg  
e i t h e r  vary w i t h  the form: 
L = K1 + K2 COS a 
o r  L = K cos a 3 
w h e r e a  = 8 + B o r  a =  2(8 +B) 
The lone except ion t o  t h i s  i s  the f i e l d  sel f - inductance which i s  
constant. 
To a r r i v e  a t  the mathematical model one would s u b s t i t u t e  the 
equations r e l a t i n g  the va r i a t i ons  of  inductance w i t h  pos i t i on  i n t o  
the f l u x  l inkage equations, then the f l u x  l inkage equations should be 
s h s t i t u t e d  i n t o  the vo l tage equations. This would r e s u l t  i n  so lv ing  
four complex simultaneous equations t o  a r r i v e  a t  a so lu t ion.  A s impler 
method u t i l i z e s  transformations developed by R. H. Park (1929) and 
ca l  led "Park's Transformatlons." 
Park's t ransformat ion involves rep lac ing the actual  currents, 
voltages and f l u x  l inkages by f i c t i t i o u s  ones The cur ren t  transforma- 
t i o n  equations are: 
(6a) ia = i s i n  9 - id cos O +  io 9 
(6b) ib - i s i n  (9 - 120') - id cos (9 - 1 2 0 ~ )  + io 9 
(6c) i c =  iq s i n  (9 + 120') - id xos (9 + 120') + io 
The voltages and f l u x  l inkages have s i m i l a r  transformation equations. 
The subscr ipts "q," "d" and "on de f ine  the  quadrature-axis, d i rec t -  
ax is  and zero-sequence components respectively. Refer r ing t o  Figure 14, 
the d i r e c t  ax is  coincides w i t h  a l i n e  running down the center o f  a 
r o t o r  pole. The quadrature ax i s  i s  mechanically half-way between 
poles, o r  sh i f t ed  90 e l e c t r i c a l  degrees forward o f  the d i r e c t  ax is  i n  
the d i r e c t i o n  o f  ro ta t ion .  
The transformed f l u x  l inkage equations are: 
(7a) Ad =-Ldid + Mf i 
where Ld = d i r ec t -ax i s  inductance 
Lq - quadrature-axis i nductance 
Lo = zero-sequence inductance 
Mf = f ie ld- to-armature mutual inductance. 
The transformed vo l tage  equations, w i t h  t he  transformed cur rent  
and f l u x  l inkage equations subs t i tu ted  tn  are: 
Equations ( 6 ) ,  (7) and (8) represent the  general generator mathematical 
model. 'The s o l u t i o n  o f  these equations w i l l  depend upon the operat ing 
condi t ions imposed upon the machine. For t h i s  model the assumed operat- 
i ng  condi t ions w i l l  be: 
-- steady o r  s lowly-vary ing r o t a t i o n a l  speeds (as compared t o  the 
e l e c t r i c a l  t ime constants o f  the machine); 
-- balanced, positive-sequence armature currents;  
-- slowly vary ing o r  constant f i e l d  e x c i t a t i o n  ( i f  = I f )  
Given the  above cond i t ions ,  the  equations can be f u r t h e r  s i m p l i -  
f i e d .  For armature cu r ren ts  o f  the  form: 
( 9 4  ia = I cos ( w t  + a) 
(9b) ib = I cos (wt + a  - 1 2 0 ~ )  
(9c) i = I cos ( wt  + a + 1 2 0 ~ )  
C 
The transformed cu r ren ts  become: 
(10a) id - I cos a =  d 
Also, the  transformed f l u x  l inkages become: 
( l l a )  Ad = M f l f  - LdId 
( l l b )  X = - 
9 Lq l q  
From t h i s  i t  fo l l ows  t h a t  t h e  transformed vo l tage  equations are: 
(12a) vd = - r ld  + X I 9 4 
(12bl Vq = - r l  - X d l d +  Eq 
9 
(12s) Vo = 0 where: X = wL q q 
r (12d) V f  = Y f l f  Xd = wLd and 
Eq = wMf If 
Equat ions (1 2a) and (12b) can be combined i n t o  a phasor equat ion:  
where: (13) V = -rT + X I - j X d  Id + q q 
- (13a) V = Vd + ] V q  
(13b) T =  Id  + j l  
- 
q 
(13c) E = 0 + JEq 
Equation (13) serves as the  h a s i c  equat ion r e l a t i n g  the  generator t o  
the  ex te rna l  c i r c u i t .  F igu re  17 shows t h e  phasor diagram o f  t h i s  
equation. The te rmina l  vo l tage  (V) depends on t h e  c i r c u i t  ex te rna l  
t o  t h e  generator.  If the  generator  i s  connected t o  an i n f i n i t e  bus, 
t h i s  vo l tage  i s  const ra ined t o  t h e  bus vo l tage.  I n  a d d i t i o n  t h e  
genera tor 's  speed w i l l  be synchronously t i e d  t o  t h e  bus frequency. 
When the  generator  i s  supp ly ing  an i s o l a t e d  load, t h e  te rm ina l  
vo l tage  and power supp l ied  t o  t h e  load w i l l  depend on t h e  load impe- 
dence. I n  t h i s  case t h e  te rmina l  vo l tage  can be represented as: 
(14) = y T  
where 
(15) 7 = R + ' j X  
I n  o rde r  t o  d e r i v e  an expression r e l a t i n g  t h e  power d e l i v e r e d  t o  the  
load w i t h  t h e  var ious  c i r c u i t  parameters, Equations (13), (14), and 
(15) must be solved f o r  t h e  common independent v a r i a b l e  I, t h e  1 i ne  
cu r ren t .  
As the  f i r s t  step, Equatjon (15) i s  s u b s t i t u t e d  i n t o  Equation 
(14) w i t h  t h e  r e s u l t  s u b s t i t u t e d  i n t o  (13). Equation (13) now takes 
on t h e  form: 
Quadrature ax is  
D i rec t  
axis 
Note: 
Cos I$ = load power factor 
6 = power or  torque angle 
y = @ + 6  
Figure 17 
Phasor Diagram o f  Voltage Equation 
To solve for  I, use the re la t ionsh ips 
- - 
l a l d + j l  and E = 0  + j E q .  9  
Co l lec t ing  terms: 
(19) j E q  - (r+R) l d  + (X  +XI l,-j(r+R) 1, - j ( xd+x ) l d  = 0 9  
This  equation can be separated i n t o  rea l  and imaginary par ts :  
(20) Real : -(r+R)ld + (xq+X)Iq = 0  
(21). Imaginary: 
E, - ( r + ~ )  lq - (xd+X) Id = 0  
From the phasor diagram i t  can be seen t h a t  
(22) Id = I s i n  y  and Iq = I cosy 
Subs t i tu t ing  these re la t ionsh ips  i n t o  (20) and (21) y ie lds :  
(23) - (WR) I s  1 n  y + (Xq+x) I cos y = 0  
(24) Eq - ( r + ~ )  1 cos y - (xd+X) I s  i n  y = 0  
Further manipulat ion o f  (23) can y i e l d  a  re l a t i onsh ip  f o r  the  angle^, 
(25) ( x ~ + x )  I 'cos y = (WR) I s i n  y 
Xq+X 
s l n y  I (26) cos y r+ R 
Final  l y ;  
X +X 
9 (27) tan Y = - 
r+ R 
, Equation (24) can be solved for  I ,  
(28) (r+R) I cos y + (Xd+X) I s i n  y = q 
C 
(29) I =  q 
(r+R) cos y + (Xd+x) s i n  y 
Since: V = Z I  and Z = q2 i t  fo l lows that ,  
E G V  
(30) V = 
( r + ~ )  cos y + (Xd+x) s i n  y 
In order t o  f i n d  the-power del ivered t o  - the load, one would m u l t i p l y  
Equation (29) by (30) t o  y i e l d  the single-phase power. Another method, 
one t h a t  gives more i ns igh t  i n t o  the e f f e c t  of the various parameters, 
w i l l  be used. Return.ing t o  Equation (13): 
and s u b s t i t u t i n g  i n  
E = JEq, I = Id + jlq and V - Vd + j V q  
r esu l t s  I n  
Separating i n t o  rea l  and imaginary equations, and rearranging 
terms produces: 
These equations can be expressed i n  terms o f  a matr ix equation: 
Solving f o r  I d  and I using Cramer's Rule: 
q ' 
-r  d 
- X d  Vq-E 
(36) lq  - 
det  A 
Therefore: 
The power re la t ionsh ip  i s  expressed by 
C H A P T E R  I V  
COMPUTER SIMULATION USING THE IMPROVED MODEL 
Summary o f  the  Necessary Equations 
The computer s imulat ion program uses four equations der ived i n  
Chapter I l l  m d i f i e d  t o  r e f l e c t  the u n i t y  power f ac to r  load (X=O). 
They a re  rewr i t ten here f o r  conven ience. 
X 
(52) tan 6 = 5 
(54) v =  EqR (r+R) cos 6 + Xd s i n  6 
2 
dT 1 VE (X cos 6 - r s i n  6) + V (X - X  ) cos 26 (56) - = - 9 9 d q d6 n XdXq 
Program Loqic 
The program was designed t o  map ou t  the performance o f  the  
generator. The program l o g i c  i s  based on nested i t e r a t i v e  loops, t he  
innermost loop conta in ing the  cen t ra l  ca lcu la t ions  (Figure 19). 
Referr ing t o  Figures 20 and 21, data on the  generator 's d-c value 
o f  i n te rna l  resistance, the user-selected load resistance (RL) , the 
generator speed (Rpm, from 1800 t o  400 i n  increments o f  200) , and the 
ra t  l o  o f  quad ra ture-ax i  s reactance t o  d i rect -ax i  s reactacne (cXQ, 
represent ing t he  degree o f  sal iency) i s  i n te rna l  t o  the  program. Data 
tha t  I s  read from externa l  f i l e s  i s  the desired f i e l d  cur rent  (FC), 
Star t  C 
Read Data 
I n i t i a l i z e  
F ie ld  Current 
Change 
FC 
l n i  t i a l  i z e  
R P ~  
Change 
R P ~  
. 
, xD,v; , Calculate: 
I n i t i a l i z e  
R L YES 
I n i t i a l i z e  
C X Q  
Calculate: 
PE, TE, DTE 
Figure 19 
Program Logic Flowchart 
START 0 
READ, I I ,  JJ, ( F C ( ~ ) , I = I ,  11)  
READ, EOC(I  , J ) , J = ~ ,  JJ I
EAD, SCC(I,J),  J=1,  
\L L 
WR l TE 
HEADER 
Figure 20 
Flowchart of Program: Par t  1 
Figure  21 
Flowchart of Program: P a r t  2 
r 
I s 1  YES 
- 1  > I 1  
+ ~ I = l + l  7 
NO 
I 
WR 1 TE 
RESULTS 
f \ 
Rpm = 2000. /t 
; . 
J= 1 
.J > JJ 
f3 / 
\ 
r 
K= 1 
>'K=K+I 
' K >  K K L  YE; 7 
+lo 
/ \  L= 1 ' L >  LL 
>'L=L+I 7 
NO 
CALCULATE : 
- XQ, RT, 6, V ,  
- PE, TE, DTE 
+~J=J+I 7 YES 
L r 
N 0 
RpmRpm-200 
RA =Rpm/SRA+.256 
XD = ... 
BRpm = . . . 
A 
v t 
WRITE: 
Rpm, EOC, 
SCC, X D ,  
BRpm 
and the open-ci r cu  i t vo l  tage (EOC) and the shor t -c i  r c u i  t current  (SCC) 
corresponding t o  the s p e c i f i c  f i e l d  cur rent  and speed. 
A f t e r  the data i s  read, the ca lcu la t ions  are performed and w r i t t e n  
t o  an output f i l e  (TAPE 2). This f i l e  i s  then saved and, t o  view the 
resu l t s ,  l i s t ed .  
A l i s t i n g  o f  the  Fortran-language program, GENSIM,used i n  t he  
s imulat ion appears i n  F igure  22- In  order t o  understand the program 
a number o f  var iables,  and expressions, w i l l  be explained. 
The v a r i a t i o n  o f  armature resistance w i t h  speed i s  expressed by 
the equation on Line 75. 
RA = RPMIsRA + 0.256 
where SRA = 11688.31'2 
A t  rated speed, 1800 rpm, t h i s  expression w i l l  g i v e  a value o f  armature 
res is tance 60 percent h igher than the d-c value, 0.256. 
The meaning o f  some var iab les i s  sel f -evident;  XD, RA, RPM, etc.  
For the others, d e f i n i t i o n s  and u n i t s  used, fo l low:  
1) BRPH blade-shaft speed, rpm 
2) R rad i ans 
3) DEG R i n degrees 
4) C, A l ,  A2, B, KO, D l ,  D2, 03 intermediate ca l cu la t i on  
steps used t o  s i m p l i f y  expressions 
5) PE three phase power del ivered t o  the load; Kw 
6) TE torque produced by PE; f t - 1  bs 
t P R ~ ~ R M  O ~ S I H < I N P U T ~ ~ *  TAPE~.TAPE~) 
2 DINENSION FC<~)~COC(~~~)~RL(~>*SCC(S~~O)~DEOCIS*~S>*KJ<~) 
3 DI t lMSfON V<lS~1S~~tE<1S~lS>rDtEC15*15)~PE(lSrlS~rO(UClS) 
&Pfr3.14lS92AS S SRA.ll1688.312 
Z Z ~ D ( l r >  I I r J J ? < F C < I ) + r - 1 ~ 1 1 )  
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U DAT& RUlO. v l O - U r ~ r K J f 2 r 4 * 6 r W  
17 WI 19 Zmtr 11 
. ta- READ<%,) < E ~ C < I P J ~ ~ - ~ ~ J . D  
- L O l P  CONTINUE 2z WI # I-1~11 
22 RaAO(1v) < S C C < f r J ~ v J l t r J J )  
.- 23PcumINUE 
24 URITe(2r2S) 
25 2S COR)(CIT<ZP</)r2ZXvtC(LLEUUl'ION OF BENERATOR PWERrTORWE AND -St* 
26+8 ~ I V A T I V E * - . 8 r / r U X r * 8 A t  VCIRI'WS FIELD MCITATIONS*R~OR t r  . 
27+tSPEEDSrLOCU) RESISTWCLS CLND TOROUE ANOLES.trSSt/I) 
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33+*<L-NvVOLTS> ~ ~ F ~ ~ ~ ~ ~ X P ~ ~ H O R T - C I R C U I T  CURRENT <AnPS*tr- 
34+8) m I rF+ . t~ /v2 lXr tDfREcTdX1S REACTMUE COHllS/PHASE) - t r  
3S+C5.2#4X**BuDE R m  - 8.Fs.l) 
40 4 U  POR)MT(/r2WrZ<.RL COH?iS/PHASE) - t*FSe t r24X)  ) 
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50 M 2OQ I r i r f S  
60 ~ O O O *  
65Da200J-t*J.b 
7u RPN-wn-200.. 
7s Rh=Rm/SRA+.2si 
' 8U Xl)rBaRf< <EO(=(f rJ)/SC<I*J>.*2dAXt2> 
35 ~ P n r 1 6 7 e / 1 0 0 0 c  
200  YRI 'TEC~P~O) FCCI) P R ~ P E D C < ~ * J % * S C C < S ~ J )  PXOPBRPR 
1W W1 t3Q K I t r U K  
1- Da tSO L-t*& 
to4 xwxatunro.. 
r1+ RT-RA+RC<KZ '.' 
l t 2 ~ T M C X Q n t 7 3  - ' is DEQ<KIU=IBO.~~~/~~ 
114 V<K*L>~<RL<K)rlEOC<IvJ))/(RTtCOS<R)t~INtR)) 
, 13s ClrRA.V<K*L)tt21<-) 
11& AlWtK~L>EEOC<IvJ)/<XD.XO) S A2=XQtSIN<R) tRAm(R)  
1 1 & ~ * 5 . V < K r L > ~ * C X D - X I I ) / < X D t X O >  
113 P E ( K v L ) ~ ~ ~ * < A ~ * A ~ ~ B ~ S I N C ~ ~ ) ~ / ~ O O O ~  
l z o  K ~ 0 . . 3 0 * / C  .?4&m> 
122 TE<K*U#O#+E<KrU/RPW 
124 D 1 6 1 * X O w C R )  S D~*~%RA~SIN<R) 8 pJ-Z.*B*C(IS<Z*~) 
126 D t E < K ~ L ~ ~ 3 ~ U < O t < D l - ~ + W ) / C R P ~ l O O O ~ )  
13(F lso' WNTINLIE: 
13s Kt-1  - . - 
1 4 0  DO' 2 0 0  HW2rKK.Z 
t 4 5  YRI~(~~#~CRL<KP~K~((SPM) 
155 URITE(1.46) 
1SS DQ 100 lW1rI.L'  
160 YRftE<Zr40). < c x ~ < H )  ~DEO<N*H) ~TECNIW) ~DTECNPR) *PECN~H) .~  
161+U<NvH)rN.IKL~HR) 
168 DO 180  Kmt r4  
170 IF<J.Ea.KJ<K)*AND.H*EO.U) 1 7 2 ~ 1 8 0  
172  172 URITECZrl74) 
174 174 FORHATCPt/)) 
180 100 WWTINUE 
1 8 5  K l r K l t 2  
200 200 CONnNUB 
300 EN0 
F igure  22 
Program GENS l M 
7) DTE d e r i v a t i v e  o f  TE w i t h  respect t o  6; f t - l b s  per radian 
8) CXQ r a t i o  o f  XQ t o  XD 
In the l i s t i n g s  o f  the resu l t s ,  the header var iab les have the 
fo l low ing  d e f i n i t i o n s :  
1) DELTA pawer angle, degrees 
2) TEH torque, same as TE: 
3)  DT/DD same as DTE 
4) PEKW pawer, same as PE 
5) LOAD V terminal voltage, a-c v o l t s  l ine- to-neut ra l  
A l l  values o f  vo l tage and impedances a re  on a l ine- to-neut ra l  basis. 
The ftles contqknjng the externgl  dqta, GSDATAl and GSDATA2, . 
are.shown i n  Figure 23. 'Fhe f i r s t  l i n e  o f  each f i l e  cbntains the- 
number of spec i f i c  f i e l d  currents t o  be used (4) and the number o f  
generator speeds (8) .  The next l i n e  l i s t s  the f i e l d  cur rent  values, 
i n  d-c amperes; i.e., 0.8 amps d-c. The next four  l i nes  contain the 
values o f  open-c i rcu i t  vol tage corresponding t o  the p a r t i c u l a r  f i e l d  
current  and generator speeds. For an example, the t h i r d  l i n e  i n  the 
l i s t i n g ,  GSDATAI, represents voltages a t  0.8 amps d-c, and f o r  speeds 
o f  1800, 1600, 1400, 1200, 1000, 800, 600, and 400 rpm. A f t e r  the 
four  Eoc l ines,  the l a s t  four  a re  f o r  the s h o r t - c i r c u i t  cur rent  values 
corresponding t o  these same f i e l d  currents and speeds. The READ s ta te-  
ments, on l i nes  12, 18, and 20, input t h i s  data. A l i s t i n g  o f  the 
program resu l t s  using t h i s  data appears i n  Appendix D. 
. . . 
79/08/15* 22*24*01*  
FILE GSDATA1 
79/08/15* 22*24*26+ 
FILE GSDATA2 
Figure 23 
Data F i les  
Simulation Resul t s  
The ef fect  o f  the  quadrature-axis synchronous reactance on the 
"spr ing-constant" term (DT/DD) and the power product ion o f  the 
generator i s  c l e a r l y  evident I n  the  output l i s t l n g s .  The generator 's 
s t i f fness increases g rea t l y  as the generator 1s made mare sa l ien t .  
In  some cases t he  increase i s  by a factor o f  s ix teen o r  more. 
The ou tpu t  power a lso  increases as the  sa l lency 1s increased 
but  a t  a slower r a t e  v i g u r e s  24 and 25). The added power over the 
u n i t y - r a t i o  value i s  t o t a l l y  due t o  the s a l i e n t  torque. 
Since the power angle, DELTA, i s  dependent upon the  quadrature- 
ax is  synchronous reactance, as the value decreases the  angle becomes 
smaller. This br ings the  f i e l d  and armature magnetomotive forces 
i n t o  c loser  alignment r e s u l t i n g  i n  the  greater s t i f f n e s s .  
F i e l d  Current = 0.5 
amps d-c 
Figure 25 
'T Output Power as a Funct iom of Sal t e n q  
\ \ for. Various speeds 
Field Current - 0.7 
. . 
Upper Curve RL 
tow& curve RL 
amps, d-c 
0' ohms 
C H A P T E R  v 
WIND FURNACE PERFORMANCE 
Wind Furnace Operation and Control Phi losophy 
The Wind Furnace conslsts o f  a 25-Kw ( e l e c t r l c a l )  three-bladed 
down-wind turbine.  The wind-shaft ax ls  he ight  1s s l x t y  fee t  above 
ground (e levat ion 396 fee t )  and the r o t o r  diameter I s  32.5 feet. Each 
blade i s  set  w i t h  a 10' down-wlnd coning angle, i.e., 10' ou t  o f  
the plane o f  ro ta t ion .  
There are two principal methods o f  c o n t r o l l i n g  t he  output o f  the 
machine; generator e x c i t a t i o n  con t ro l  and blade-pi tch cont ro l .  The 
manner I n  which the excitation should be con t ro l l ed  has been the sub- 
j e c t  o f  t h i s  thesis.  The blade-pi tch con t ro l  schedule, as a funct ion 
o f  r o t o r  speed, has been derived from aerodynamic studies, both 
theore t i ca l  and experimental. The blade-pi tch angle i s  the angle w i t h  
which the blade chord- l ine makes w i t h  the plane o f  r o t a t i o n  o f  the 
blades. Zero degrees p i t c h  would r e f e r  t o  the blade chord-1 ine a t  the 
t i p  o f  the blade being al igned w i t h  the plane o f  ro ta t ion ,  o r  per- 
pendicular t o  the free-stream wind ve loc i t y .  A t  n i ne t y  degrees p i t c h  
the chord- l ine would be perpendicular t o  the plane o f  ro ta t ion .  The 
chord- l ine i s  an imaginary s t r a i g h t  l i n e  connecting the blade's lead- 
ing edge t o  the  t r a i l i n g  edge. For a h i gh l y  concave blade, t h i s  l i n e  
may 1 i e  outs ide the b1,ade i t se l  f. 
The wind machine has four  major regions o f  operat ion:  1) Region 
1,  b lade-p i tch angle set  a t  a s ta r t -up  angle ( ~ 2 0 ~ )  and no exc i ta t ion ;  
2) Reg ion I I, p i  t c h  angle held a t  an operat ing angle (between -6O 
and +so) and the e x c i t a t i o n  i s  automat ica l ly  var ied according t o  the 
ro to rs  ro ta t i ona l  speed; 3) Region I I I ,  as the r o t o r  speed reaches 
rated (1800 rpm a t  the generator) and begins t o  exceed i t, the blade 
+ p i t c h  c o n t r o l l e r  w i l l  t r y  t o  maintain the ra ted speed (w i th in  a - 10 
percent tolerance) by Increasing the p i t c h  angle, e x c l t a t  ion w i l l  be 
constant due t o  the constant speed; 4) Region I V ,  shut-down, blades 
feathered b o o )  and e x c i t a t i o n  o f f .  
Most o f  t he  operat ional  t es t s  have been car r ied  out  I n  Region 1 1 .  
I n  t h i s  region the  r o t o r  speed w i l l  vary  according t o  the wind speed. 
An aerodynamic term, t ip-speed-rat io,  i s  used t o  describe the re l a t i on -  
sh ip  between the  r o t o r  speed and the  wind speed. Tip-speed-ratio i s  
defined as the r a t i o  o f  the v e l o c i t y  o f  the t i p  o f  the  blade (nR, 
where Q = r o t a t  ional  speed and R = blade length) t o  the  ve loc i  t y  o f  
the free-stream wind. Theoret ica l ly ,  the machine was designed t o  
operate a t  a constant t ip-speed-rat io i n  Region 1 1 ;  the value was 
taken t o  be between 7.0 and 7.5. 
Performance Tests 
A ser ies  o f  performance tes t s  was conducted from January 1979 
through A p r i l  1979. Most o f  these tes ts  consisted o f  manual operat ion 
o f  b lade-pi tch angle and f i e l d  con t ro l .  The p i t c h  angle was set  t o  
a desired angle, and the f i e l d  current  t o  a desired leve l .  The 
machine was allowed t o  operate and data was taken using a Fluke 
data logger. This data was stored i n  d i g i t a l  form on the UMass 
Cyber system and reduced using programs developed by the author. 
The methods o f  data reduct ion are  beyond the scope o f  t h i s  report .  
Only the  resu l t s  w i l l  be presented here. 
Test Results 
The r e s u l t s  of  t h l r t e e n  t e s t s  a re  shown i n  condensed form i n  
Figure 26. The p l o t s  o f  power as a funct ion o f  generator speed show 
the  e f f e c t  t ha t  excitation has on the output .  This e f f e c t  can be 
seen i n  more d e t a i l  i n  Figures 27 and 28. These f lgures a re  p l o t s  
o f  output  power as a func t ion  o f  f i e l d  cur rent  f o r  constant generator 
speeds. As e x c i t a t i o n  i s  increased, t he  e f f e c t s  o f  sa tu ra t ion  a re  
evident by the f l a t t e n i n g  o f  the curves. 
Superimposed on these p l o t s  (the "X" marks) i s  the desired output ;  
power as a cubic f unc t i on  o f  speed w i t h  25Kw a t  1800 rpm. Using 
these data po in ts  a new experimental ly-derived e x c i t a t i o n  can be 
p l o t t e d  (Figure 29). 
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Figure 28 ' 
UF-P Power 
o f  Exci tat  
Speeds . 
Field- a i r ren t '  (d-c amps) 
Generator speed - rpm 
Figure 29 
Excitat ion Required to  Produce. Desired Output 
Based on performance Data 
C H A P T E R  V I  
COMPARISON OF ACTUAL PERFORMANCE WITH THEORY: CONCLUSIONS 
I n t  roduct ion 
In  Chapter IY the  computer srmulatton of  the generator's per- 
formance assumed various values o f  quadrature-axis synchronous reactance 
i n  order t o  ca lcu la te  the output power. I t  was not possible t o  perform 
tests  t o  experimental ly determine these values. 
In  t h i s  chapter the performance data i s  used t o  p red i c t  the 
v a r i a t i o n  o f  X w i t h  speed (frequency) and exc i t a t i on .  Also the q 
e f fec ts  o f  sa tu ra t ion  on the generator's charac te r i s t i cs  are discussed. 
Exc i t a t i on  curves based on diesel  tes ts  (Table 3) and performance 
tes ts  (Figure 29) w i l l  be used i n  f i n a l  s imulat ions o f  the generator's 
performance. From these values o f  Xd and X w i  1 l be derived and 
q 
discussed. The chapter w i l l  end w i t h  the author 's conclusions and 
comments . 
Est imat ing Xq f rom'the Performance )Data aodeTheory 
By comparing the performance data w i t h  the  s imulat ion resu l ts ,  
values of quadrature-axis synchronous reactance can be estimated. 
P lo ts  s i m i l a r  t o  Figure 25 were examined t o  determine the i n te r -  
sect ion o f  actual data and the theore t i ca l  ly-der ived curves. Figure 
30 i s  an example o f  the technique used. Table 4 and Figure 31 show 
the estimated values o f  X q ' 
Fi.eld Current - 0.70 d-c amps 
b 
a+6.5 
kw Upper 
from Performance Tests Lower 
Genera t'br 
% 
Curves 
'Curves 
10.0 ohms 
10.6 ohms 
0 0 : 2  0.~4 i 6  0.~8 1.0 X I X  
9 d. 
Figure 30 
Power as a Function o f  Saliency and Speed 
TABLE 4 
Values o f  X Derived from the Performance-Test Data and Simulations 
q 
Genera tor  
Speed 
(rpm) 
F i e l d  Current 
(dc amps) 
0.7 0.6 0.5 0.4 0.3 
X g  i n  ohms; RL = 10.6 ohms 
0 1 I I I I 
0. 3 0.4 0.5 0.6 0.7 
F i e l d  Current 
(dc amps) 
Figure 31 
Var iat ion o f  X Based on Performance Data 
9 
For the  lower speeds (400 - 800 rpm) a va lue o f  X cou ld  no t  be q 
est imated as the  t h e o r e t i c a l  ou tput  was g rea te r  than the ac tua l  ou tput  
T h e o r e t i c a l l y  the  minimum power output  w i l l  occur when X equals Xd. q 
Since the  t h e o r e t i c a l l y  minimum value o f  power i s  s t i l l  g r e a t e r  than 
t h e  ac tua l  ou tput ,  i t  i s  poss ib le  t h a t  some o f  t he  values f o r  Xd  and 
X may be o f f .  The s e n s i t i v i t y  o f  t he  power output  w i t h  changes i n  q 
X d  i s  g rea tes t  when i n i t i a l l y  X equals Xd and lessens as t h e  q 
sa l i ency  i s  increased. I f  Xd i s  increased by 50 percent,  w i t h  every- 
t h i n g  e l s e  remaining constant ,  t h e  output  power w i l l  decrease by a 
maximum o f  23 percent  ( a t  1800 rpm) and a minimum o f  7 percent  ( a t  
400 rpm). I f  Xd i s  decreased an increase i n  output  w i l l  occur. 
The E f f ec t s  o f  Saturat ion on the Generator's Character is t ics  
Because o f  t he  cascaded design o f  the  Lima generator, the e f f e c t s  
o f  sa tu ra t ion  a re  more pronounced than i n  o ther  types o f  generators. 
These e f fec ts  can be most r e a d i l y  seen by observing t he  v a r i a t i o n  i n  
d i r ec t -ax i s  inductance ( L ~ )  and quadrature-axis inductance (L ) w i t h  
'4 
speed and exc i t a t i on .  These inductances were ca lcu la ted by d i v i d i n g  
the reactance by the  e l e c t r i c a l  frequency (ue), i n  radians per second. 
Tables 5 and 6 and Figure 32 show the  r e s u l t s  o f  these ca lcu la t ions.  
i n  Figure 32 both L and Ld decrease i n  value w i t h  increasing 9 
speed and exc i t a t i on .  This t rend can be explained by consider ing the 
magn i t i za t ion  curve o f  a generator (Figure 33). 
I n  general, the magnetizat ion curve i s  made up o f  t he  pos t i ve  
t i p s  o f  the hysteres is  loops produced by repeated c y c l i n g  o f  the 
magnetizing force. The Inductance (L) can be def ined as the  f 1 ux 
1 inkage (A) per un l  t cur ren t  (I), therefore:  
Th is  would be represented i n  the f i g u r e  by a s t r a i g h t  l i n e  from 
the  o r i g i n  t o  a p o i n t  on the  curve. For l o w  values o f  current ,  t he  
inductance i s  the  s lope o f  the l i n e a r  region o f  the curve. As the 
cur rent  increases and the  curve begins t o  f l a t t e n ,  the s lope decreases 
therefore ,  the inductance decreases. 'This occurs i n  the sa tu ra t ion  
reg ion o f  the curve. 
For the Lima generator the re  i s  a magnetizat ion curve f o r  both  
generator c i r c u i t s ,  t he  main and the  exc i t e r .  Also, an w e r a l l  curve 
TABLE 5 
V a r i a t i o n  o f  X and L  w i t h  Speed and E x c i t a t i o n  q q 
Generator F i e l d  Current:  dc amps 
TABLE 6 
Var ia t ion  of  Xd and Ld with Speed and Exci ta t ion 
Generator 
W 
rPm e 
F i e l d  Current: dc amps 
0.7 0.5 0.3 
1800 377 X = 6.25 ohms 7.90 
L = 16.6 rnh 20.9 
\ Genera tor  
Speed : 
(rpm) 
F i e l d  Current (d-c amps) 
Var ia t ion .o f  Ld and L  w i th  Speed and Exci tat ion 
'4 
Figure 33 
The Magnetization Curve 
could be produced by combining the two. The reason the inductances 
decrease w i t h  increasing e x c i t e r  f i e l d  cur rent  i s  the same as given 
previously.  The e f fec t  i s  more pronounced, though, as bo th  curves 
have t o  be taken i n t o  account. The inductances a lso  decrease w i t h  
increasing speed because o f  the  same e f f ec t .  Even though the  
exc i t e r  f i e l d  cur rent  i s  constant, the main f i e l d  cur rent  w i l l  
increase as the  speed increases, As sa tu ra t ion  i s  reached the slope 
w i l l  again begin t o  decrease and the  inductance w i l l  decrease. 
Simulat ions Based on Experimentally-Derived Exc i t a t i on  Curves 
The experimental ly-derived e x c i t a t i o n  curves, from both the d ie-  
se l  t es t s  used t o  check the f i r s t  model and the actua l  Wind Furnace 
performance data, were used i n  GENSIM i n  order t o  compare the values 
of Xd and X t h a t  gave t h e  desired output  power. Table 7 sumnarizes q 
these e x c i t a t i o n  curves and the  desired outputs. The values o f  Xd and 
X r e s u l t i n g  from these s imulat ions a re  shown I n  F igure 34. q 
The steep r i s e  i n  X as the  speed i s  decreased would appear t o  be 9 
the  r e s u l t  o f  the cascaded generator design. The Xd curve a l s o  shows 
design e f f ec t s .  A t  400 rpm, even though .the e x c i t a t i o n  leve ls  d i f f e r  
great ly ,  the Xd values a re  close, l nd i ca t i ng  t h e  r e l a t i v e l y  f l a t  
magnetizat ion curve a t  t h i s  speed. 
Between 400 and 1200 rpm the  e x c i t a t i o n  decreases as the  speed 
increases r e s u l t i n g  i n  a f a i r l y  constant d i r ec t -ax i s  inductance. This 
would account f o r  t he  near l~y  l i n e a r  increase i n  Xd i n  t h i s  speed range. 
As t h e  speed f u r t h e r  increases, though, the e x c i t a t i o n  begins t o  in-  
crease rap id ly .  This decreases Xd as shown i n  t he  Figure. 
TABLE 7 
F i e l d  Current Levels t o  Produce Desired Output Power 
(d-c amps) 
Des i red 
Genera to r  Power 
rpm (1)  (2) (3) (Kw) 
(1) F i r s t  Model 
(2) Diesel-Tests 
(3) Performance Tests 
8 
7 
6 
5 
(ohms) 
4 
3 
2 
1 
0 
Performance Data: 0 
Diesel Test Data: X 
Generator Speed (hundreds o f  Rpm) 
Figure 34 
Xd and X' Based on Test-Derived Exci ta t ion Levels q 
Conclusions 
By basing a mathematical model of a synchronous generator on 
c i r c u i t  equations derived from the physical const ruct ion o f  the 
machine, i t  i s  poss ib le  t o  p red l c t  i t s  output power given the operat- 
ing condi t ions.  These condi t ions would include the generator 's 
charac te r i s t i cs  as wel l  as the load's. The accuracy o f  the model i s  
g rea t l y  a f fec ted by the accuracy of these spec i f i ca t ions .  
The primary d i f f i c u l t y  i n  modellng the Lima generator was the 
determination o f  the values f a r  the d i rec t -ax is  and quadrature-axis 
reactances. I n  pa r t i cu la r ,  because o f  the cascaded generator design, 
i t  was not poss ib le  t o  conduct the easier t es t s  for  X . Lack o f  
q 
su i tab le  equipment a lso  prevented the  mare d i f f i c u l t  tes ts  t o  be 
performed. These same problems would be encountered w i t h  generators 
of s i m i l a r  design. 
It has been suggested tha t  t he  s l i p  t e s t  could be performed 
i f  modi f icat ions were made i n  the generator 's r o t o r  c i r c u i t .  These 
would invo lve removing the  diode assembly i n  order  t o  open-c i rcu i t  
the  main f i e l d  winding. Precautions would have t o  be taken t o  insure 
t h a t  the disconnected wires a re  proper ly insu la ted t o  prevent short ing. 
The t es t  should be performed using a variable-frequency a l t e rna to r  
t o  supply the s t a t o r  armature power and a d-c motor capable o f  operat- 
ing over a wide speed range. Speed con t ro l  w i t h  a d-c mator can be 
obtained by using a f i e l d  rheostat  t o  vary the  f i e l d  current ,  o r  by 
vary ing the armature voltage. 
In  t h i s  tes t ,  as o u t l i n e d  i n  Chapter I l l ,  the generator 's armature 
vo l tage and cu r ren t  a r e  measured. As the  open-c i r cu i ted  f i e l d  
winding s l i p s  past the  impressed armature mmf's, t he  vo l tage and 
c u r r e n t  w i l l  r i s e  and f a l l  i n  ampli tude. The maximum vo l tage read ing 
should be d i v i d e d  by the  minimum armature c u r r e n t  read ing t o  f i n d  the  
d i r e c t - a x i s  synchronous reactance f o r  t h a t  s p e c i f i c  speed- The minimum 
vo l tage  i s  d i v ided  by t h e  maximum c u r r e n t  t o  determine t h e  quadrature- 
a x i s  synchronous reactance. Th is  t e s t  should be conducted a t  as many 
speeds and frequencies as necessary. Another v a r i a b l e  t h a t  should be 
considered would be t h e  impressed a-c vo l tage  l e v e l .  Various l e v e l s  
should be t r i e d  a t  a p a r t i c u l a r s p e e d  t o  determine if t h i s  a f f e c t s  t h e  
reactance values. 
Also, as a r e s u l t  o f  t h e  genera tor 's  design, s a t u r a t i o n  i s  reached 
q u i c k l y .  Th is  has a pronounced e f f e c t  on Xd and X when both  t h e  q 
e x c i t e r  f i e l d  c u r r e n t  and generator  speed a r e  var ied.  At  low speeds 
the  value o f  X would have t o  be unusua l ly  h igh,  when compared t o  Xd, q 
i n  o r d e r  t o  produce t h e  des i red  output .  To improve the  model, t h i s  
phenomenon should be i n v e s t i g a t e d  f u r t h e r .  
O f  p a r t i c u l a r  i n t e r e s t  t o  WTG designers i s  t h e  e f f e c t  sa l i ency  
has on t h e  "spr ing  constant" o f  t h e  generator.  The more s a l i e n t  t h e  
generator,  t h e  s t i f f e r  i t  becomes. I n  t h e  case o f  t h e  Wind Furnace, 
s tud ies  i n d i c a t e  t h a t  t h e  genera to r ' s  " sp r ing  constant"  dominates over  
t h e  s p r i n g  constant  c o n t r i b u t e d  by t h e  mechanical system. Th is  
would have t o  be taken i n t o  account when cons ide r ing  shaf t  o s c i l l a t i o n s  
caused by unbalanced f o r c i n g  func t ions ;  e.g., t h e  e f f e c t  o f  tower 
shadow. 
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APPENDIX A 
Der iva t ion  of  Des i red Output 
Der ivat ion o f  Desired O u t ~ u t  
The I n i t i a l  pred ic ted performance and the manner i n  which i t  was 
obtained was contained i n  a repor t  by F. S. Stoddard. A copy o f  t h i s  
repor t  f o l  lows. Because of  Stoddardls unfami 1 i a r i  t y  w i t h  generator 
spec i f i ca t ions  and o ther  e l e c t r i c a l  cha rac te r i s t i c s  (such as power 
fac to r )  the  repor t  contains a number of e r ro rs .  These w i l l  be b r i e f l y  
discussed. 
The f i r s t  page of the repor t  makes use o f  the manufacturer 's 
data on part- load e f f i c i enc ies .  This data i s  on ly  accurate f o r  constant 
terminal vo l tage and constant speed. Therefore, the  use o f  t h i s  data 
i n  the t ab le  on page 2 would no t  g ive  accurate r e s u l t s  as both  speed 
and vo l tage a re  no t  constant and no t  equal t o  the  values on which 
t he  data i s  based. 
Another major e r r o r  was I n  t he  use of  power f a c t o r  as an e f f i -  
ciency. The l a s t  column o f  the  t a b l e  on page 3 makes such a use f o r  
power factor .  This e r r o r  i s  c a r r i e d  over t o  t he  resu l t s  shown i n  
Figure 2 of the  report .  I n  t h i s  f i g u r e  both  the  power and terminal  
vo l tage estimates are  Incor rect .  
The f l n a l  pred ic ted output  was der ived s o l e l y  on the  basis o f  
25 Kw a t  1800 rpm. I t  was decided t h a t  by proper con t ro l  procedures 
a cub ic  funct ion o f  power w i t h  generator speed could be obtained. 
Even though e r ro r s  were committed i n  the i n i t i a l  est imate o f  output  
power, the  l a s t  f i g u r e  of  the  report ,  F igure 3, was unusually accurate. 
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s ince 
(42) vd 2 + ~ 2 = v  2 and q 
Vd V s i n  6 and 
V = V  cos 6 then q 
V V  = v L s i n  6 c o s  6 o r  
d q 
(43) VdVq = $ v2 s i n  26 
Using these re l a t i onsh ips  i n  Equation (41) y i e l ds :  
2 1 2  
- r V  +X E V s i n  6 + (X - X  ) (- V s i n  2 6 )  + r E  V cos 6 
(44) P = q q d q 2 q 
r 2 + x x  
d q 
c o l l e c t i n g  terms: 
- r V  +VE (X s i n  6 + r cos 6) + v2(x - X  ) s i n  2 6 
(45) p = 9 q d s 
r 2 + x x  
d q 
Equation (45) represents t he  power de l ivered t o  the load, per phase, 
i f  l ine- to-neut ra l  values a re  used. For a three-phase system the 
power would be three times t h a t  shown f o r  l i ne - to -neu t ra l  values. 
The three equations o f  prime i n t e r e s t  i n  the  generator model 
are  Equations (27) , (30) , and (45). They are re-wr i t t e n  here: 
X + X  
(27) t a n  y = q 
r+R 
where Y = 6 + 9 
E 'R2 + x2 
(: + R) cos y + ~ x ~ + x )  s i n  y 
2 1 2  
- r Y  +YE (X s i n  6+  r cos 6 ) + 9  (X -X ) s i n  2 6  
(45) p = q q d q 
r 2 + x x  
d q 
I n  the  case o f  t h e  generator  used i n  the  Wind Furnace, t h e  i n t e r -  
na l  res is tance [r) i s  smal l ,  0.256 per  phase, espec ia l  l y  when compared 
t o  the  reactances. For t h i s  reason t h e  squared res i s tance  te rm i n  t h e  
denominator can be neglected.  Therefore, Equation (45) becomes: 
2 
- r V  +YE (X s i n  6 +  r c o s 6 ) +  v2(xd-x ) s i n  2 6  
(46) P = 9 
A l l  t he  equat ions necessary t o  model t h e  genera to r ' s  performance 
have been der ived.  I n  o r d e r  t o  implement these equations, c e r t a i n  
parameters have t o  be determined. These are:  r, Eq, Xd, Xq, R and X. 
The I n t e r n a l  Resistance ( r )  
Th is  res i s tance  i s  t h e  same as t h e  armature res i s tance  discussed 
i n  t h e  f i r s t  model, except t h e  a-c va lue  was used in t h e  improved 
model. Because o f  s k i n  e f f e c t  t he  a-c va lue  v a r i e s  w i t h  frequency. 
A t  60 Herz t h e  va lue w i l l  be approximately 60 percent  g rea te r  than t h e  
d-c value. A f u n c t i o n a l  r e l a t i o n s h i p  r e l a t i n g  t h e  v a r i a t i o n  w i t h  
frequency (speed) was incorpora ted i n t o  the  computer program. As 
s t a t e d  e a r l i e r ,  t h e  d i f f e r e n c e s  i n  ou tput  power us ing  t h e  a-c va lue 
ins tead o f  t h e  d-c va lue  was less  than two percent  a t  1800 rpm and 
less  a t  lower speeds. 
The Generated EMF (En) 
This vo l tage i s  a l so  the same as i n  t he  f i r s t  model, the gen- 
erated voltage, E. It i s  der ived from the  open-c i rcu i t  tes ts .  
The D i  rect-Axi s Synchronous Reactance (Xd) 
The d i r ec t -ax i s  synchronous reactance i s  a r e s u l t  o f  f l u x  
l inkages t ha t  have a path through the  d i rec t -ax is  o f  the r o t o r  t o  the 
s ta to r .  This path i s  one o f  h igh permeance due t o  the large amount 
o f  i r on  present. Because o f  t h i s ,  the armature inductance and induc t i ve  
reactance w i l l  have t h e i r  greatest  values f o r  t h i s  path than any 
other.  I t  i s  ca l l ed  lisynchronousli because the  machine i s  a t  a steady 
speed w i t h  no suddenly changing armature currents.  
This reactance i s  the same as the  synchronous reactance i n  the  
f i r s t  model. It i s  der ived by us ing the open-c i rcu i t  tes ts .and short-  
c i r c u i t  t e s t s  as discussed i n  Chapter I I .  I n  t h i s  model, though, the 
value o f  I n te rna l  res is tance (armature resistance) was no t  neglected. 
The reactance was cal  cu l  a ted by us i ng: 
The Quadrature-Axi s Synchronous Reactance (X ) 9 
I f  the f l u x  l inkage between r o t o r  and s t a t o r  takes a path d i -  
r e c t l y  between the f i e l d  poles, i n  quadrature w i t h  t he  poles, the 
r e s u l t i n g  induc t i ve  reactance w i l l  be low due t o  the lesser amount 
o f  i r on  i n  the path. Th is  reactance i s  the quadrature-axis synch- 
ronous reactance. 
The d i f fe rence  between the  quadrature-axis and d l rec t -ax is  
reactances i s  determined by the sal iency o f  the generator. A c y l i n d r i -  
ca l - ro to r  generator has no s a l i e n t  poles, therefore X =Xd. The q 
e f f e c t  o f  t h i s  can be seen by rearranging the power equation (45). 
-rv2 + VE (X s i n  6+ r cos 6 ) + + v 2 ( x  - X  ) s i n  2 6 
(45) P = q q d q 2 
r + XdXq 
t o  simp1 i f y  matters l e t  r=O, 
YE (X s i n  6 ) + + v 2  f X  - X )  s i n  2 6 
(46) P = q q d q 
X X 
d q 
o r  
V E v2 fXd-xq) 
(47) ~ = d s i n  6 -+ s i n  2 6 
Xd 2XdXq 
The f i r s t  term represents the power produced so le l y  through 
exc i ta t ion .  The second term i s  due so le l y  t o  the sal iency o f  the 
machine. I f  Xq=Xd, then the second term i s  zero and power i s  produced 
on ly  w i t h  exc i ta t ion .  Without e x c i t a t i o n  a sa l ien t -po le  generator 
can s t i l l  produce power although a t  g rea t l y  decreased leve ls .  
I t  has a lso  been s ta ted  i n  the 1 i te ra tu re  by R.V. Shepard and 
C.E. K i  lbourne (AIEE Trans., Volume 62, page 684, November 1943) 
that  "The quadrature synchronous reactance i s  o f  prime importance 
i n  determining the steady-state torque-angle c h a r a c t e r i s t i c  which i n  
t u r n  evaluates the spr ing  constant ... Accurate knowledge o f  e i t h e r  o r  
both o f  these th ings i s  necessary when combining synchronous machines 
w i t h  mechanical d r i ves  having pu lsa t ing  shaf t  torques . . . I1 The ampli- 
tude and frequency o f  mechanical o s c i l l a t i o n s  a re  funct ions o f  the 
spr lng constant. The torque equation can e a s i l y  tie derived from the 
power equation: 
P (48) T =; where n = the r o t o r  speed 
Therefore, from Equation (47) 
V E V ~ ( X  - X  ) 
(49) T = A (9 s i n  6 + s i n  2 6) 
Xd 2X X d q 
Work done by D r .  K i rcho f f  revealed t h a t  t he  spr lng  constant o f  
the Wind Furnace electromechanical power system i s  proport ional  t o  
dT the r a t e  of change o f  torque w i t h  torque angle, 6, o r  ka - d6 
Carrying out t h i s  de r i va t i on  on Equation (49), 
dT 1 v2(x - X  ) (so) - = - d6 n ( 3 cos 6 + cos 2 6) Xd X X 
d q 
In  terms o f  the general power Equation (45). the torque and i t s  
de r i va t i ve  would be, 
1 - ~ v ~ + v E  CX s i n  6+r cos 6)+ v2(xd-xq) s i n  26) (51) T =; 
r 2 + x x  d q 
and - 
dT 1 VEq(X cos 6 - r  s i n  6)  + v ' (x~-x ) cos 2 6) (52) ; q q 
r 2 + X X  
d q  
The s ign i f icance o f  the  quadrature-axis synchronous reactance i n  
these equations can be seen by r e f e r r i n g  t o  Equation (27), the  torque 
o r  the power angle equation: 
X +X q (27) tan y = - and Y 5  + + 6  
r+R 
In  the case of  a r e s i s t i v e  load; i.e., e l e c t r i c  heaters, there 
i s  no load reactance (x=Q) and the  load res is tance i s  f i xed :  + = 0 
therefore, y = 6. Then the  torque angle I s  s o l e l y  a func t ion  o f  
quadrature reactance. F igure 18 shows a general ized p l o t  o f  power 
o r  torque as a func t ion  o f  torque angle. The normal operat ing region 
f o r  a generator would be t he  range o f  torque angle g i v i n g  a p o s i t i v e  
slope on the combined curve. Generally, t h i s  i s  between o0 and 90°. 
As the sa l iency i s  increased, the  slope increases and the generator 
becomes s t i f f e r .  
A number o f  t e s t s  a reava i l ab le  to determine t he  value o f  the 
quadrature-axi s synchronous reactance. Four o f  these t es t s  are: 
1 )  t he  s l  i p  tes t ,  2) the  re1 uctance torque t e s t ,  3) the  negatlve- 
e x c i t a t i o n  tes t ,  and 4) the maximum-lagging-current t e s t .  These 
t es t s  are  l i s t e d  i n  descending order  o f  d i f f i c u l t y  o f  t e s t  procedures; 
the maximum-lagging-current t e s t  having the  s implest  procedures and 
apparatus. 
The f l r s t  two t e s t s  requ i re  accurate measurements and f i n e  
speed o r  load adjustments. I n  the  s l i p  t e s t  t he  generator has t o  
be dr iven w i t h i n  one and one-half  percent o f  synchronous speed wh i l e  
connected t o  a three-phase adjustable-vol. tage power source. Such a 
t e s t  was attempted w i  t h  the Lima generator. A d iese l  englne was used 
as prime mover and f u l l  l i n e  vol tages were app l ied.  The pu lsa t ing  
torque produced by t he  d i ese l  resu l ted  i n  wider speed excursions than 
Power or 
Torque 
/ Excita 
Motor 
Genera t o r  
Figure 18 
Curves f o r  a Salient-Pole Machine 
desired which caused two diodes i n  the ro to r  t o  burn out. This t e s t  
was not attempted again. 
For the reluctance torque tes t ,  the generator, operating as a 
motor w i t h  an open-circui ted f i e l d  winding, i s  pu l led  ou t  o f  step 
e i t h e r  by increasing the sha f t  load o r  by decreasing the terminal 
voltage, the other  being held constant. Accurate measurements o f  the 
f r i c t i o n  and windage load i s  a lso  required. Thls t e s t  was not 
attempted. 
In  both o f  these tes ts  measurements are t o  be car r ied  out dur ing 
a moment o f  i n s t a b i l i t y .  Because of t h i s ,  some adjustments t o  speed 
and load torque are necessary. For these reasons these tes ts  are 
d i f f i c u l t  t o  perform wi thout  the  proper apparatus. 
For a generator w i t h  a brushless e x c i t a t i o n  system, as i n  the 
Wind Furnace, the  negat ive-exc i ta t ion and the maximum-lagging-current 
tes ts  can not  be performed wi thout  modifying the generator i t s e l f .  
This i s  because these two tes t s  requi re  t h a t  the f i e l d  current  be 
reversed i n  d i rec t ion .  Referr ing t o  Figure 15, reversal o f  the e x c i t e r  
f i e l d  current w l l l  not cause a corresponding reversal o f  the main 
f i e l d  current  because o f  the way the r e c t i f i e r  assembly i s  connected. 
E i ther  these connections would have t o  be changed o r  d i r e c t  access 
t o  the  r o t o r  f i e l d  winding would be necessary. 
Because the quadrature-axis reactance could not be determined 
by a d i r e c t  method, a range of  values was used i n  the  computer model. 
The resu l ts  were then compared t o  the actual  performance data t o  
a r r i v e  a t  a value, o r  values, o f  t h i s  reactance. These comparisons 
are i n  Chapter V I .  
The Load Impedance (R and X)  
I n  Chapter I I  only  the load resistance was considered. For the 
improved model, a more general ized load representat ion was used i n  the 
de r i va t i on  o f  the equations, As s ta ted  previously,  the load impedance 
was considered t o  be: 
- 
Z = R + j X  
where R = load res istance 
X = load reactance, induct ive o r  capac i t i ve  
Generally, t he  resistance and reactance w i l l  vary according t o  
the- type  o f  load used. With an induct ion motor the  reactance would be 
the  magnetizing reactance and the  resistance would be a funct ion o f  
the  rea l  power consumed. 
I n  the  case of the  Wind Furnace the  load cons is ts  o f  e l e c t r i c  
heaters, both baseboard and water immersion heaters. The heater 
elements themselves a re  r e s i s t i v e  and, except f o r  s l i g h t  changes due 
t o  temperature, a re  constant i n  value. The baseboards have a res is-  
tance o f  10.6 ohms and the  imnersion heaters 9.95 ohms per phase, 
wye. The values were matched as c l ose l y  as poss ib le  i n  order t o  present 
a balanced load t o  the  generator regardless o f  which heaters are used. 
The load reactance was considered n e g l i g i b l e  because o f  the shor t  
length (110 feet.) o f  cable, t he  c lose  prox imi ty  o f  the  three phases 
and a l s o  becausesfor most o f  i t s  length, the w i r i n g  i s  tw is ted 
together. 
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APPENDIX B 
Set-Up o f  Apparatus f o r  Open-Circuit  and Shor t -C i rcu i t  Tests 
Set-UD o f  A ~ ~ a r a t u s  f o r  O ~ e n - C i r c u i t  and Shor t -C i rcu i t  Tests 
l n t roduc t  ion  
Both t h e  open-c i r cu i t  and s h o r t - c i r c u i t  t e s t s  were performed 
i n  t h e  E l e c t r l c  Machinery Lab, ham 8, o f  t h e  E l e c t r t c a l  and Computer 
Engineering Department, The same equipment was used i n  bo th  tes ts .  
A 20-hp compound-wound d-c motor was used t o  d r i v e  t h e  Lima generator. 
F lgure 35 shows t h e  set-up. Not shown i n  t h e  f i g u r e  I s  t h e  p o s i t i o n s  
of c i r c u i t  breakers used du r ing  t h e  t e s t s .  These breakers were 
an i n t e g r a l  p a r t  o f  a panel board and were necessary f o r  s a f e t y  
reasons. 
Test Procedures 
I n  each t e s t  the  motor was used t o  d r i v e  the  generator a t  a 
s p e c i f i e d  speed. As t h i s  speed was maintained, us ing t h e  motor 's  
f i e l d  rheostat,  measurements were taken a t  va r ious  generator f i e l d  
cur rents .  For the  open-ci r c u i  t t e s t s  t h e  generator 's  te rmina ls  were 
open-c i rcu i ted  and t h e  termina l  vo l tage  was measured. For t h e  shor t -  
c i r c u i t  t e s t s  the  te rm ina ls  were shorted, us ing  heavy gauge cable, 
and t h e  l i n e  cu r ren ts  were measured. These and o t h e r  t e s t s  a re  
described i n  Test Procedures For Synchronous Machines, 'l.E.E.E, No. 
115, publ ished by t h e  I n s t i t u t e  o f  E l e c t r i c a l  and E lec t ron ics  
Engineers, I nc. 

APPENDIX C 
Selection of Loads and Load Resistance 
Selec t ion  o f  Loads and Load Resistance 
I n t r o d u c t i o n  
Two e l e c t r i c  loads a r e  used i n  the  So lar  Hab i ta t  I :  imnersion 
heaters t o  heat water  and e l e c t r i c  baseboards t o  heat t h e  house 
d i r e c t l y .  Because the  loads may 6e mixed and each phase has t o  be 
equal t o  prov ide a balanced load t o  t h e  generator,  immersion and 
baseboard heaters w i  th  near1 y equal res istances were necessary. 
The f i r s t  load t o  be se lec ted was t h e  immersion heaters. 
The tmners ion  Heaters 
These heaters were se lec ted f i r s t  because they were t h e  pr imary 
load. Also, they were considered the  m o r e . d i f f l c u l t  t o  secure because 
they had t o  be designed f o r  more severe opera t ing  cond i t ions .  The 
ho t  water  storage tank was expected t o  reach a maximum temperature 
of 2 0 0 ~ ~ .  
Un i t s  manufactured f o r  i n d u s t r i a l  a p p l i c a t i o n s  were inves t iga ted  
bu t  were found t o  be too  expensive. Pr ices  were i n  t h e  $2000 neighbor- 
hood. As a r e s u l t  o f  a suggestion by Professor Heronemus, s u i t a b l e  
heater  elements were found i n  the  e l e c t r i c  domestic hot-water heater  
sec t ion  o f  t h e  Sears catalogue. 
Two d i f f e r e n t  wattage elements were used i n  t h e  f i n a l  imnersion 
heater  design: 40Q0 wa t t s  a t  230-v and 1650-watts a t  115-v. Sinc.e 
the  res is tance o f  these elements was no t  e x p l i c i t l y  given, values 
were ca lcua l  ted  us ing t h e  nominal vo l tage  and wattage: 8.0 ohms 
f o r  the  1650-w element and 13,2 ~ h m s  f o r  t h e  4000-w element. Four 
elements, two a t  each r a t i n g ,  were used i n  a s e r i e s / p a r a l l e l  arrange- 
ment (Ji gure 36) t o  meet t h e  cu r ren t -  and vo l  tage-carry ing  speci- 
f i c a t i o n s  o f  30  amps a t  300 v o l t s ,  Th is  comhination r e s u l t e d  i n  an 
o v e r a l l  res i s tance  va lue  o f , lQ,b  ohms per phase, As shown i n  t h e  
f i g u r e  t h e  ac tua l  res i s tance  values were d i f f e r e n t  from t h e  e s t i -  
mated values, The "4Q00-wt' elements turned o u t  t o  be 4500-w elements. 
Mainly because of t h i s  t h e  ac tua l  phase res l s tance  was 9.95 ohms. 
A f t e r  t h e  elements were ordered Cat a p r i c e  of $7.50 each) ,  a 
method a l l ow ing  t h e i r  use i n s i d e  t h e  tank  had t o  be worked out .  The 
w i r i n g  connecting t h e  generator  t o  t h e  elements had t o  be pro tec ted 
from t h e  water and t h e  heat. A f t e r  rev iewing var ious designs, one 
employing standard galvanized p i p i n g  was used ( ~ i ~ u r e  37). The 
elements were b o l t e d  together w i t h  a rubber gasket, t o  a f lange 
welded t o  a c a s t - i r o n  c lose  n ipp le .  Th is  n i p p l e  had been p rev ious ly  
screwed i n t o  t h e  p i p e  crosses. The w i r i n g  used i n s i d e  t h i s  p i p i n g  
was insu la ted  agal n s t  h t g h  temperatures (# I0  AWG Aluminum 1 1 0 ' ~  
I n s u l a t i o n ) .  
... 
Each phase o f  t h e  three-phase imnersion heater  load consisted 
o f  t h e  f ree-standing s t r u c t u r e  shown i n  t h e  f i g u r e .  They were placed 
approximately one f o o t  apar t  i n s i d e  t h e  tank. 
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The E l e c t r i c  Ba~et jaard Heaters 
These heaters were purchased from t h e  same company t h a t  provided 
t h e  hot-water baseboards, Argo Indust r ies ,  Inc., o f  B e r l i n ,  Connecti- 
cu t .  These basehoards a re  manufactured f o r  them by Orbiz Manufacturing 
Company, Inc. (Park Avenue and Ridge Road, Perkasie, Pennsylvania, 
18944; telephone: 21 5-257-2034). 
The baseboards used were m d l f i e d  vers ions o f  t h e  XMD (medium 
dens i ty )  ten- foot  sec t ions  ra ted  f o r  2500-w a t  277-v. During manu- 
f a c t u r e  the  res i s tance  per baseboard was s e t  t o  31.8 ohms by 
a d j u s t l n g  the  leng th  of heater  w i re ,  By us ing  th ree  baseboards i n  
p a r a l l e l  t he  phase res is tance o f  10.6 ohms was met. These baseboards 
were de l i ve red  before i t  was determined t h a t  t h e  immersion heaters 
would be 9.95 ohms, 
When t h e  generator  i s  delivering i t s  maximum output  o f  25Kw, the  
baseboard load would be d i s s i p a t i n g  approximately ten  percent more 
than i t  was ra ted  fo r .  Th is  should n o t  be a problem as t h i s  output  
l e v e l  would not  be maintained f o r  long per iods o f  t ime. 
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BLADE RPH 1 129.9 
XQ/XD DELTA TEN DT/DD PEKW LOAD b 
BHORT-CIRCIJI~ CURRENT ( ~ ~ P S I  ) a 20 t 0 
BLADE RPH 0 11103 
~ Q / X D  DELTA DT/DD PEKW 1 
- - - - - - - - - - - - - - - - - - - - - I - - - - - - - - - - - - - - - - - - - - - - - - - - -  
FIELD CURRENT - t30 AHPdrDCt 
UENt RPH = 1000 EOC ( L - H P U b ~ T ~ )  a 13010 B~IORT-CIRCUIT CURRENT (AtlPBt1 m'17t7 
DIRECT-AXIS REACTANCE (oHHB/PHABE) 2t34 BLADE RPH 92t8 . , 
RL (OHHS/PHASE) m loto RL (OHHB/FIIABE) lot6 
k W X D  bELTA . ~ E H  : bT/Db P E ~ U  LOAD V . Xd/XD DELTA TEH . DT/DD PEKU LOAD V 
it00 3514 22t2 3Ot3 3 10203 itOb 33*0 21te 31,s 3,f0 104~6 
t8O 29r6 22r5 3663 3t19 lO3tO a00 2042 22rl 38r0 3t14 iOSt1 
460 23t1 23t3 4916 3132 104t9 tbO 2169 2269 S1t8 3t25 106t9 
650 1915 24ti 6167 3r42 106r6 tSO let5 23.5 6443 3r34 1OBtS 
645 1787 2446 70r3 3r49 107tb r45 1648 2400 7341 3t40 10944 
440 1St8 2541 Bit3 3rSf'lO8t8 t40 1510 24rS 8464 3r48 110tS 
r35 13t9 2548 96r0 3t66 ilOt1 . 835 13t2 2St0 99t3 3r56 lilt8 
t3O 12t0 * 26tS il6rO 3.77 111r7 630 lit4 25tl 119t6 3tb5 113t2 
t25 1011 27t4 144t7 3409 11364 625 945 26rl 14Bt6 3876 1i4t8 
t20 8tl 28t4 iB8tS At04 11514 020 7rb 27r4 19219 3t89 ll6tb 
t1S 6 29t6 262r6 4920 11765 tlS St7 2864 267t6 4b04 llgt6 
910 4tl 3191 412,s 4tli 120r0 el0 3r8 29r7 418r3 4622 12Ot0 
- - - - - - - - - - - - - - - - - d - " - - - - - - - - - - - - - - - - - - - - - - - -  
FIELD CURRENT t3O AHPSPDCI 
OENt RPH - 800 EOC (L-NvVOLTS) 9dt0 . SHORT-CIRCUIT CURRENT (AHPBt) = 14,s 
DfRECT-AX10 REACTANCE tOIWB/PHABE) 6641 BLADE RFH D 74t2 
RL (OHHS/PHASE) lot0 . RL (OHHS/PHABE) 0 10th 
XWXD DELTA TEN bT/bD PEKU LOAD V XWXD bELTA TEH DT/DD PEKU LOAD V 
I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
FIELD CURRENT - 630 AHPBtDC, 
OEM* RPtI 600 EOC (L-NtU0LTLI) b $403 BtIbRT-CiRCUIT CURflENt (AHPBt) * 1 l t O  
DIRECT-AX18 REACTAN& (OHHS/PHABE) = 4495 BLADE RPH 554 7 
xo/xo DELTA * TEH ~ T / D D  P ~ K U  L ~ A D  v ~ O I X D  DELTA TEH DT/DD PEKU LOAD v 
'. ' 
, 
i t 0 0  25.6 a t 0  l b t 2  468 47r7 ' $600 2464 7.0 16.6 b66 40.2 
600 21r0 B t i  19b0 669 47b8 tB0 19t9 7td 20.3 t6$ 40.4 
t60 16.1 Or3 2dt9 b71 48t3 ' t6O 1542 8.0 27.5 t60 40t9 
050 1345 014 32t9 471 4Bt8.  . 050 12t8 Be1 33.7 469 49r2 
t4S 1242 ,865  3 7 t l  473 4940 ' r45 i t r S  Bt2 3769 870 49rS 
r40 tot9  ' 8 t 6  42.3 r74 49r3 440 iOt3 0.3 4382 071 4967 
t35 915 . BtB 4942 475 . 49.6 . t35 Ot0 8t4  Sot1 c72 Sot0 
030 Be2 019 3814 t76 Sot0 r30 7t7 Be5 59t4 673 Sot3 
t25 6rB 9 t l .  71r4 677 ., 60.4 425 6rJ  8r7  72t5 474 5067 
;20 515 . 9r3 9 1 r l  479 , .Bold t20 562 Or0 92t3 075 S i t f  
el5 4 r l  915 i 2 4 r l  681 . 5142 el5 3.9 9.0 12544 077 S i t 3  
el0 2.7 918 i9Ob2 to3 S i t 7  t i 0  2r6 9.3 i 9 1 t 0  079 5240 
- - - - - - - - - - - L - r r - - - L - . . Y - - - - - - - - - - - - - - - L - d - - - -  
FIELD CURRENT 930 AHPBtDCe 
BENt RPH 400 EOC (L-N~VOLTB) * 2400 SHORT-CIRCUIT CURRENT (AtlPS* ) 6.9 
DIRECT-AXIB REACTANCE tOHHB/PIIASE) 3447 BLADE RPH m 3 7 t l  
RL (OHHB/PHABE) 1btO RL (OHtlLI/FIIASE) m 10 tb 
XO/%D DELTA TEN hT/DD PEKU LOAD V ka/XD bELTA' TEH DT/DD PEkU LtlAD V 
- - - - - - - o L - - - - - l - l - - - - I - - - - - - - - - - - - - - - - - - - - -  - - - -  
FIELD CURRENT - 025 AHPPrDCb f 
OENo RPH - 1800 EOC (L-NIVOLTB) 266.0 . WORT-CIRCUIT CURREHT (AHPBb) m 22.5 
DIRECT-AX18 REACTANCE ~OHHB/PHASE) , i 11 re2 BLADE RP$ 0 167 t0 
kn/xD bELTA ' TEH DT/DD PEKU LOAD V XO/XD DELTA TEH DT/DD PEKU LOAD V 
it00 48.6 3 2803 8bS7 160.9 it00 4700 3308 3003 8.64 174.6 
080 4202 3400 '32.6 8068 170.0 080 4006 3402 35.1 8075 17507 
060 34.3 3Sr7 43.9 9014 17404 e60 3208 36.0 4704 9020 18Or1 
050 2906 . 3706 5507 9060 478.7 050 2802 37.7 6000 9065 18404 
t4S 27tl 30.8 6443 9.92 18166 : . 045 25.8 38.9 6904 9.96 18703 
*40 2404 4004 7604 10.32 18502 ' . 040 2302 4004 01b9 10433 19006 
035 21t7 ' 4203 9209 lot81 18905 . 035 20rb 42.2 9902 10080 195tO 
e3O 18.8 44.07 11603 11042 194.7 ' 030 1708 44.4 12307 11.36 20000 
',25 15.8 4706 15104 12017 200.9 b25 1SbO 47.1 15909 12005 20509 
t20 12.0 Sir2 . 207tl 13010 20803 020 1201 5015 21741 12690 21209 
015 917 85.8 30409 14427 217r2 015 9.1 54.6 31609 13096 22102 
010 6.5 4106 S09tS 13.76 227.8 , 010 6 1  59.8 52403 15028 23100 
- - - - - - r r r r r r - r r . . - - - r - r . ( - r - - - - - - , , , - - - r - - - - r - -  
FIELD CURRENT t25 AHPBrDCo 
OEN* RPH 1606 kOC ( L - N t u ~ L T f i )  23200 Bl10RT-CIRCUIT CURRENT (AHPBo ) 21 0 0  
DIRECT-AXIS REACTANCE (OIlH8/F)1ABE) - 11004 BLADE RPH 0 14804 
RL (OHHB/PIIAEIE) 100 0 kL (OHHB/PHASE) - 1016 
XWXD DELTA TEH Dt/DD PEKU LOAD V XWXD DELTA TEH nT/DD PEKY LOAD V 

. a 
- - - - - - r - - - L o - - - r d i , ~ - ~ - - - - - - - - r - b d - -  
FIELD CURRENT * 825 AHPSIDC~ 
OEM* RPH 1000 EOC (L-NIVOLTB) '* 1iB.O SHORT-CIRCUIt CURRENT (AMPGO ) 1563 
DIRECT-AXIS REACTANCE (dHHB/PHABE) m 7t70 BLADE RPH = 9208 
RL (OHHB/PHABE) - i0!0 RL (OII).~B/PHABE) = 1006 
XWXD DELTA , ' TEM D l  / ~ b  PEKU LOAD V , ' kwxo DELTA TEPl D l  / ~ b  PEKY LOAD V 
1.00 36t7;,'17t7 22t9 2852 9165;. lo00 3502 1704 2 3  2.40 9305 
080 30.8 1709 27t5 2054 92t0 080 2904 17.4 28.8 2650 93.9 
a60 2401 I: 1806 37.3 2065 9J*B , 460 2209 18r3 3913 2t60 95.6 
.SO 20t4 . 19.3 46.8 2474 a 9503 . t5O 19.4 1809 4809 2.60 97ri 
045 itt08 ' 1907 5d43 2.79 9603 s 445 1706 1902 55.4 2473 9810 
t40 16.6 20.1 61.9' 2086 9704 , 440 15.7 1907 6463 2079 9941 
03s 1406 20.7 7302 2.94 9007 . 035 13.e 2002 73.9 2.86 i00b3 
036 12b6 . 2144 8807 3t03 10002 , , r 030 11.9 2007 91t7 2495 10147 
025 1006 2261 fiir0 3814 10189 025 10.0 21.4 11403 3004 iO3.3 
020 €345 23.0 14542 3.27 10309 ' 620 at0 22.2 148.8 3tlS 105bO 
015 684 24tO 203tl 3 iO4tO ti5 660 2301 207.2 3t28 107t0 
010 4t3 25.3 320.9 3059 10844 ti0 440 2402 32503 3.44 10902 
- - - - - - - - - - L - - - r r * d . - - r r - - - - - - - - - - - - - - - - - - - - - - - - -  
FIELD CURRENT m 423 AHPBBDC~ 
OEM, RPH BOO EOC (L-NtVOLt$) m €3260 SHORT-CIRCUIT CURRENT (hMP8.) 12tS 
DIRECT-AXIB REACTANCE tOHHB/PHABE) 6t55 BLADE RPH 74t2 
XO/XD bELTA TEH DT/DD PEKW LOAD V XWXD DELTA TEH DT/DD PEKU LOAD V 
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